W Patients with anterograde amnesia are commonly believed to exhibit normal implicit learning. Research with the serial reaction time (SRT) task suggests that normal subjects can implicitly learn visuospatial sequences through a process that is sensitive to higher-order information that is more complex than pairwise associations between adjacent stimuli. The present research reexamined SRT learning in a group of amnesic patients with a design intended to specifically address the
IN'I'RODUCTION
It is generally believed that implicit learning and memory are spared in patients with anterograde amnesia despite drastic impairments on standard tests of memory such as recognition and recall (for reviews see Moscovitch, Vriezen, & Goshen-Gottstein, 1993; Schacter, Chiu, & Ochsner, 1993) . However, amnesic patients often show deficits on implicit tasks that require the formation of interitem associations (Bowers & Schacter, 1993; Curran & Schacter, in press ). An apparent exception to the conclusion that amnesic patients show impaired associative implicit memory is provided by research on the serial reaction time (SRT) task (Nissen & Bullemer, 1987 ; Nis sen, Willingham, & Hartman, 1989; Reber & Squire, 1994) . The present research examines the question of whether or not amnesic patients show normal associative learning in the SRT task by providing more stringent tests of learning higher-order information (i.e., information that is more complex than pairwise associations between temporally adjacent stimuli). Graf and Schacter (1985) developed a paired-associate word-stem completion paradigm to study implicit memory for novel associations. Subjects studied nominally unrelated word pairs (e.g., knife-signal, peach-table) followed by a stem completion task in which three-letter stems were presented along with the previously paired associate (same context condition, peach-tab_) or a nonassociated word (different context condition, knifetab-). Graf and Schacter initially found that both amnesic and control subjects showed more priming in the 0 1997 Massachusetts Institute of Technology learning of higher-order information. Despite seemingly normal learning effects on average, the results suggest that amnesic patients do not learn higher-order information as well as control subjects. These results suggest that amnesic patients have an associative learning impairment, even when learning is implicit, and that the medial temporal lobe and/or diencephalic brain areas typically damaged in cases of amnesia normally contribute to implicit sequence learning. W same context condition than in the different one, so it was inferred the both groups learned novel associations. However, subsequent studies have produced conflicting and inconsistent results, with the weight of the evidence suggesting that amnesic patients do not show normal implicit memory for new associations (for review, see Bowers & Schacter, 1993) . Additional evidence suggests that amnesic patients can show normal implicit learning for new associations when such associations are incrementally acquired across multiple training trials (Musen & Squire, 1993a, 199313) . SRT learning might also be interpreted as multiple-trial learning of new associations.
In the SRT task a visual stimulus is presented at one of four distinct spatial locations, and the subject presses a corresponding key as quickly and accurately as possible. Unbeknownst to subjects, the stimuli often follow a particular repeating pattern. For example, designating the four spatial locations as A to D from left to right, Nissen and Bullemer (1987) gave subjects continuous cycles of the sequence, D-B-C-A-C-B-D-C-&A. Both amnesic Korsakoffs patients and control subjects were faster when stimuli followed the repeating sequence than when the stimulus locations were randomly determined, so Nissen and Bullemer inferred that both groups had learned the sequence. This finding was subsequently replicated and extended across a longer retention interval (Nissen et al., 1989) , and related evidence has shown that normal subjects with scopolamine-induced amnesia show normal learning in this task (Nissen, Knopman, & Schacter, 1987) . SRT learning is often characterized as implicit when subjects fail to demonstrate explicit mem-ory of the sequence, although the evidence that learning is truly implicit continues to be debated (see Shanks & St. John, 1994, and accompanying commentaries) .
A closer look at the paradigm used by Nissen and colleagues has raised questions about the sequential and associative nature of SRT learning uackson &Jackson, 1992; Reed &Johnson, 1994; Shanks & St. John, 1994) . In Nissen and Bullemer's (1 989) sequence (D-B-C-A-C-B-D-C-B-A), some positions (B and C) are more frequent than others (A and D), so reaction times to sequence trials may be faster than reaction times to random trials because subjects learn something about relative frequency of occurrence. If subjects merely learn frequency information, SRT learning does not provide evidence for associative learning in amnesia.
A related issue concerns the extent to which sequence learning can be based on merely first-order associations between adjacent elements. In Nissen and Bullemer's (1989) sequence, RT could benefit from learning which first-order associations occur most frequently uackson & Jackson, 1992; Reed & Johnson, 1994) . For example, C is followed by B 67% of the time, by A 33% of the time, and is never followed by D. On average, reaction times would improve if subjects just learned that B was the most likely response to follow C. Experiments with normal subjects (Cohen, Ivry, & Keele, 1990; Reed & Johnson, 1994; Stadler, 1993) have controlled for frequency learning and the learning of firstorder associations by creating random and sequence conditions in which each element occurs equally often (controlling for frequency learning) and each pairwise transition occurs equally often (controlling for pairwise learning).
Computational models of sequence learning have provided some insight into the nature of higher-order associative information that may be learned in the SRT task (Cleeremans, 1993; Cleeremans & McClelland, 1991 ; Keele & Jennings, 1992) . These models rely on recurrent network architectures (e.g., Elman, 1990; Jordan, 1990) that allow each response to be predicted by a combination of previous stimuli. In these models the representation of a stimulus is influenced by the identrfy of previous stimuli, so in the sequence A-B-C-B-A-C, for example, the representation of the first B is different from the representation of the second B because they are preceded by different elements (A-B vs. C-B). Even though B alone cannot uniquely predict the next location (C or A), A-B uniquely predicts C, but C-B predicts A. In the current terminology, this would be a form of second-order associative learning because the network learns not just pairwise (first-order) associations between immediately adjacent stimuli but uses information about two prior stimuli to predict the next. In fact, these networks develop even higher-order associations (thirdorder, fourth-order, etc.) because the representation of each stimulus is a function of all previous stimuli, with more remote stimuli having a lesser impact than nearby stimuli. Some computational and behavioral evidence has converged on the estimate that the prediction of each element is significantly influenced by the identity of at least three prior elements (Cleeremans & McClelland, 1991) .
Although research with normal subjects and network models of sequence learning have promoted the idea that SRT learning generally depends on higher-order information, it remains possible that amnesic patients relied on frequency learning or pairwise probability learning in experiments that used Nissen and Bullemer's (1989) sequence. Some of these concerns have recently been addressed by Reber and Squire (1994) . First, the paper provided the clearest evidence to date that amnesic patients showed normal sequence learning but did not exhibit significant explicit knowledge. Second, and most important for the present purposes, Reber and Squire's Experiment 2 used a sequence that could not be completely learned on the basis of first-order associations or relative frequency of the sequence elements. A 12-item sequence was used in which each of four positions was repeated three times, and each position was equally likely to be followed by each other position (e. The random control condition also, on average, should have equally probable locations and pairwise transitions (except immediate repetitions), so any reaction time difference between random and sequence conditions should be attributable to learning of higher-order information. Reber and Squire found that learning of this sequence was not signrficantly different between control subjects and amnesic patients. Thus, amnesic patients appeared to learn higher-order associations in the SRT task as well as control subjects. However, although the learning by group interaction was not statistically significant, the control subjects showed a learning effect (random vs. sequence) that was numerically larger than the amnesic patients' effect (Reber & Squire, 1994, Figure 3). In addition, Nissen and Bullemer found a significant group by learning interaction that indicated greater learning by control than amnesic subjects. The present research sought to reevaluate the learning of higher-order associations with design modifications intended to more clearly evaluate higher-order associative learning.
First, the sequence learning ability of amnesic patients was tested with two sequences that differed in the predictiveness of pairwise associations. The first-order predictive (FOP) sequence included pairwise information that was probabilistically predictive (A-B-A-D-B-C-D-C-A-D-B-C). That is, each element (e.g., A) is followed by one element 67% of the time (D) and another element Curran 33% of the time ( €3) but is never followed by the third element. Normal subjects can learn such pairwise probabilities in the SRT task (Iackson &Jackson, 1992; Stadler, 1992) , and amnesic patients have shown normal learning of pairwise probabilities in a probabilistic classification task (Knowlton, Squire, & Gluck, 1994) . In the second-or- Nissen et al., 1989; Reber & Squire, 1994) . In past studies, subjects completed four or five consecutive blocks of trials with the sequence followed by a fifth random block, and learning was assessed as the reaction time difference between the last sequence block and the random block. The present design (following Stadler, 1993) included intermixed cycles of random and sequence trials within each block. Using R to denote 12 random trials and S to denote one cycle of the 12ele-ment sequence (e.g., SOP: A-l3-A-D-B-C-D-A-C-B-D-C), each block of 120 trials was arranged as R-S-S-R-SS-R-S-S-R. This design has the advantage of obscuring the presence of the sequence, so subjects are less likely to explicitly recognize it. It also allows a within-subject measure of learning to be obtained in each block rather than merely assessing learning at a single point toward the end of the experiment.
The intermixing of random and sequence cycles also has an advantage specifically related to the assessment of higher-order associative learning. Even if overall RTs differ between the random and sequence blocks for the SOP sequence, it may be possible that subjects merely learned isolated pairs within the sequence. If, by chance, learned pairs occurred more often in sequence trials than random ones, average reaction times would be faster on the sequence trials. Learning can be assessed while controlling for this pairwise information by comparing the reaction time for each pairwise transition between the random and sequence conditions. For example, subjects might learn the A-B pair in a sequence. If subjects only learn such pairs, RT to B when preceded by A would be equal for random and sequence conditions. If RT to A-B is faster for sequence trials than random ones, subjects must have learned some higherorder information from the sequence that allows them to respond to A-B faster in the sequence condition than in the random one. This method of explicitly comparing reaction times to pairwise elements within the random and sequence conditions would have been impossible in past experiments because of an insufficient number of random trials to obtain stable RT estimates for each pairwise transition.
In summary, the present experiment sought to investigate higher-order associative learning in amnesic patients with a modified SRT task. Each amnesic subject was tested with two sequences: one with predictive pairwise associations (FOP, A-B-A-D-B-C-D-C-A-D-B-C) and the other with nonpredictive pairwise associations but predictive second-order associations (SOP, A-B-A-D-B-C-D-A-C-B-D-C). Amnesic patients were tested in two sessions that were at least 3 months apart, but control subjects (two matched with each amnesic patient) were only tested on a single sequence because they were likely to remember the debriefing after the first session.
RESULTS
Sequence type (FOP vs. SOP) was treated as a repeated measure in all statistical comparisons. This designation is obvious for amnesic patients who were tested on both sequences. AltGough control subjects only were tested on one sequence, they were matched on the basis of age and education, so repeated-measures statistics were appropriate.
Though reaction time (RT) is the dependent measure of primary interest, it is important to establish that RT analyses are not compromised by speed-accuracy tradeoffs. A group (amnesic vs. control) x sequence (FOP vs.
SOP) x learning (random vs. sequence) x block (1-9) ANOVA was computed from the mean percentage correct. Control subjects (97.6%) were marginally more accurate than amnesic patients (95.5%), F(1, 18) = 4.12, MSE = 194.33,p = 0.06. Subjects were significantly more accurate on sequence trials (97.1%) than on random trials (96.1%), F(1, 18) = 16.46, MSE = 10.63,p < 0.001; and the size of this learning effect increased across blocks,F(8, 144) = 2.87, MSE = 9.22,p < 0.01. Overall accuracy decreased across blocks from a high of 97.4% in Block 1 to a low of 95.6% in Block 8, F(8,152) = 2.24, MSE = 11.17, p c 0.05. N o other effects approached statistical significance. As confirmed below, with only one exception, accuracy effects were consistent with RT effects (e.g., sequence trials were both faster and more accurate than random trials). The one exception was a speed-accuracy trade-off across blocks-subjects became faster but less accurate across blocks. Because the main effect of blocks was of little interest, this trade-off did not undermine interpretation of the RT data.
Only RTs from trials that were correct and less than 1200 msec were included in the analyses. A group (amnesic vs. control) x sequence (FOP vs. SOP) x learning (random vs. sequence) x block (1-9) ANOVA was com-puted from subjects' median RTs in each condition. Although block was entered as a nine-level factor in the ANOVA, Figure 1 displays the average of each contiguous set of three blocks (1-3,4-6,7-9) in order to simpllfy the display. The learning effect was highly significant, 
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Practice 1-3 4-6 7-9 Block sic patients were significantly slower than control subjects (Nissen & BuUemer, 1987; Nissen et al., 1989) . Such baseline RT differences can obscure potential differences in learning between the groups. Learning effects are based on the difference between random and sequence trials, and RT differences are known to increase with overall RT (Chapman, Chapman, Curran, & Miller, 1994) . Therefore, the learning effects shown by amnesic patients could have been artifactually inflated if amnesic patients were slower than control subjects.
Despite the absence of significant group effects in the ANOVA, it is important to confirm that the amnesic group alone learned each of the sequences. As observed for both groups combined, amnesic subjects alone showed a significant learning effect,F(l, 9) = 8.84, MSE = 2865.06,p < 0.05, but the learning by sequence interaction was not significant, F(1,9) = 2.55, MSE = 1218.54, p = 0.14. Planned comparisons revealed that amnesic subjects showed significant learning of each sequence:
FOP (random = 541, sequence = 530), t(9) = 2.49, SE = 4.37,p < 0.05; SOP (random = 550, sequence = 528), t(9) = 2.38, SE = 9.53,p < 0.05. The results were qualitatively similar for control subjects, except that the learning by sequence interaction was marginally significant, F(1, 9) = 4.09, MSE = 974,p = 0.07. Overall, the results suggest that amnesic patients learned both the FOP and the SOP sequence as well as control subjects. However, the amnesic patients, unlike the control subjects, did not show a larger learning effect for the SOP than for the FOP sequence. The next analysis suggests that amnesic patients may not have learned the SOP sequence better than the FOP sequence because of a deficit in learning higher-order information.
To specifically examine whether subjects learned more than pairwise information, RTs to each pairwise transition were compared between the random and sequence conditions. Figure 2 plots the difference between RTs to each sequence element versus average RTs to random trials that occurred in the same pairwise combination. For example, the rightmost points in Figure  2A correspond to the difference between RT to C when preceded by B in random trials (BC) versus C as the last element of the FOP sequence. It can be seen that both groups were about 30 msec faster with B-C when it occurred at the end of the FOP sequence than when B-C occurred within random trials. Difference scores that are Significantly above zero provide clear evidence of higher-order associative learning because all effects of individual and pairwise items are controlled.
For each subject, mean reaction times (across all blocks) were computed for each sequence element and each occurrence of the corresponding pairwise combination in random trials. These means were analyzed in group (amnesics vs. control) by learning (random vs. Separate planned comparisons (two-tailed t tests) for each group tested the significance of the random vs. sequence learning difference for each position. The results of these t tests are indicated in Figure 2A (Controls: *p < 0.05; Amnesics: 'p < 0.05). First, each group showed only a single position on which sequence RTs were significantly faster than random RTs to the corresponding pair. Both groups also showed negative differences that attained significance, indicating faster RTs to pairs within random than within sequence conditions. These negative differences will be discussed later, but the primary result of this analysis is that little higher-order information was learned by either group.
For the SOP sequence (Figure 2B ), the ANOVA indicated a significant difference between random and sequence conditions, 4 1 , 18) = 15.14, MSE = 3486,p < 0.01. This learning effect interacted with position, F( 1 1 , 198) = 6.725, MSE = 838,p < 0.001, and the main effect of position was also significant, F(11,198) = 2.71, MSE = 6328, p < 0.01. Thus, there was significant learning of higher-order &ormation across all positions (on average), but the amount of higher-order learning varied between positions. Although no group effects approached significance, additional ANOVAs were performed on each group separately in order to ensure that each group learned more than pairwise information. Control subjects showed a significant difference between random and sequence, F(1, 9) = 13.34, MSE = 2749, p < 0.01, and this difference interacted across positions, F ( l 1 , 99) = 4.62, MSE = 762,p < 0.001. For amnesic patients the learning effect only approached significance, F(1, 9 ) = 4.21, MSE = 4 2 2 2 , p = 0.07, but interacted with position, F(l1, 99) = 2.98, MSE = 914, p < 0.01. Thus, control subjects learned more than pairwise information across all positions, but higher-order learning of amnesic patients was only marginally significant. Planned comparisons (two-tailed t tests) were again used to examine learning for each position and each group separately ( Figure 2B ; Controls: *p < 0.05, **p < 0.01;Amnesics:'p < 0.05). Figure 2B suggests that control subjects learned high-order information about more elements of the SOP sequence than did amnesic patients. This is consistent with the ANOVA, which showed learning by amnesic patients to be only marginal across all positions.
As shown in Figure 2B , amnesic patients showed significant learning of SOP positions 1 , 2 , and 10. Inspection of individual subjects' differences revealed that the same subjects were learning these three positions. The corre- Figure 2 . Differences between mean reaction times to each sequence element and reaction times to the same pairwise combinations in random trials. Reaction times were averaged across all blocks of trials. Positive differences reflect learning of higher-order sequence information. Error bars represent the standard error of the mean. T tests (twe tailed, df = 9) were used to assess the significance of the learning effect for each group and each sequence position separately (control subjects:
*p c 0.05. **p < 0.01; amnesic patients: 'p c 0.05). 
Sequence Position
lations between the amnesic patients' learning differences at each of these three positions were highly positive (1 vs. 2: r = 0.80,2 vs. 10: r = 0.87, 1 vs. 10: r = 0.79, all p < 0.01). When the average difference was calculated across these three positions, four amnesic patients showed learning differences that were greater than two standard errors from zero (SE = 17 msec). Unfortunately, there is nothing known to be common about these four subjects (DF, PS, LB, PD, see Table 2 ) that might explain their better learning. They had amnesia attributable to diverse etiologies, and learning was uncorrelated with age or WMS-R performance. Explicit knowledge of the sequence was assessed by a multiple choice question and two recognition tests. Table 1 presents the number of subjects who gave each possible answer to the question: 'The movement of the black box is best described as ?" "Random" was selected more often than the other alternatives for both amnesic and control subjects. Thus, it appears that most subjects did not notice the repeating sequence. A more objective assessment of subjects' explicit howledge was made with the fragment and whole sequence recognition results that are shown at the bottom of Table  1 . Recognition scores were computed for each subject on each test by taking the average rating to targets and subtracting the average rating to distractors. A score of 100 indicates perfect discrimination between targets and distractors, and a score of 0 indicates chance perfor- mance. Neither group showed above-chance discrimination between targets and distractors in either the whole sequence or fragment recognition tests. Separate group by sequence type ANOVAs for each recognition test revealed no effects approaching significance. The sensitivity of these tests to explicit knowledge, when it exists, has been confirmed in an experiment with undergraduates in which both whole sequence and fragment recognition were significantly better when subjects were told there was a sequence before the SRT task than when they were not told about the sequence (Curran, 1997) . Thus, these recognition tests are valid measures of explicit memory (see also Perruchet & Amorim, 1992; Willingham, Greenley, & Bardona, 1993) . The low levels of explicit knowledge in this experiment are probably attributable to the intermixing of random and sequence trails within each block.
The top of

DISCUSSION
Amnesic patients and control subjects showed very similar (and not statistically different) sequence learning when it was assessed as the overall RT difference between sequence and random conditions (Figure 1 ). Amnesic patients appeared to show normal learning of a sequence with predictive pairwise information (FOP, Figure 1A) as well as a sequence that demanded learning of at least second-order associations (SOP, Figure IB) . However, control subjects learned the SOP sequence better than the FOP sequence, but amnesic subjects showed similar amounts of learning for both sequences. When higher-order learning was examined directly by comparing RT to each pairwise transition in random versus sequence conditions, amnesic patients exhibited some deficit (Figure 2 ). &ither group showed convincing evidence for higher-order learning of the FOP sequence ( Figure ZA) , and controls showed more complete higher-order learning of the SOP sequence than the amnesic patients ( Figure 2B ). These results suggest that amnesic patients' ability to learn higher-order associations was impaired. The finding that the second-order predictive (SOP) sequence was better learned than the first-order predictive (FOP) sequence may appear surprising, but there are two likely explanations for this result. First, pairwise probability learning would result in imperfect sequence knowledge. For example, if subjects learn that A is most likely to be followed by D, this would only help them on two-thirds of the trials that follow A. In fact, there is some evidence that this sort of knowledge may have hurt subjects on trials where such expectancies were violated. To wit, all of the significantly negative scores in Figure 2A represent responses to less probable transitions (A-B is less likely than A-D, B-A is less likely than B-C, and D-C is Iess Iikely than D-B). Thus, there may be a cost associated with pairwise probability learning. Because this explanation depends on results of the analysis of pairwise differences between random and sequence conditions (Figure 2A) , it requires some sort of higherorder knowledge that would make these less likely transitions slower in the sequence than random conditions, so the exact explanation of these effects is uncertain.
A second reason for poor learning of the FOP sequence is a repeating subsequence that may have complicated learning (A-D-B-C, underscored in Figure 2A ). The presence of this subsequence necessitates some sensitivity to remote contingencies in order to learn other aspects of the sequence. That is, the subject must These ambiguities may have complicated higher-order learning of the FOP sequence, and the learning effects in Figure 1A may primarily reflect pairwise learning. This interpretation is supported by the observation that little higher-order learning was evident in the analysis of pairwise differences (Figure 2A) . In contrast to the FOP sequence, the SOP sequence is completely learnable by second-order associations because each pair uniquely predicts the next stimulus/ response:
For the SOP sequence, there was only one isolated case where learning of pairwise associations was significantly negative (Figure 2B, last position) . This is consistent with the idea that the negative pairwise differences in Figure 2A are attributable to overreliance on first-order probabilities, because first-order probabilities are completely nonpredictive in the SOP sequence. It is apparent from Figure  2B that control subjects showed superior higher-order learning compared to the amnesic patients-despite the appearance of normal learning when average RTs were compared ( Figure 1B) . It seems possible that amnesic subjects were somewhat able to learn second-order associations (some positions were learned as seen in Figure 2B ), but they may not have been able to learn as many of these associations as control subjects. Alternatively, control subjects, but not amnesic patients, may have learned sequential information that is higher than second-order. Some evidence for this might be seen in the three contiguous positions in the middle of the SOP sequence that were learned by control subjects. The present results question standard neuropsychological views of SRT learning (in particular) and implicit skill learning (in general). As reviewed in the introduction, SRT learning has been claimed to be normal in amnesic patients (Nissen et al., 1989; Reber & Squire, 1994) , even though Korsakoff's patients learned less than control subjects in Nissen and Bullemer's (1 987) original study-possibly because control subjects had more explicit knowledge. Previous studies of SRT learning in amnesic patients (Nissen & Bullemer, 1987; Nissen et al., 1989; Reber & Squire, 1994 , Experiment 1) have used a sequence (D-B-C-A-C-B-D-C-B-A) in which relative frequency and predictive first-order probabilities could have been learned ('Jackson &Jackson, 1992; Reed &Johnson, 1994; Shanks & St. John, 1994) , so the content of the learned information is difficult to infer. These sequence characteristics may account for the seemingly normal learning of amnesic patients in these experiments.
Reber and Squire's (1994) Experiment 2 overcame these limitations by using a SOP sequence, like that used in the present experiment. Subjects were trained on four sequential blocks and then they were given two tests of explicit knowledge before they completed another sequential block and then a random block. They considered two measures of learning: the decrease in reaction time across the first four-sequence blocks and the reaction time difference between the final sequence and random blocks. A main effect of decreasing RTs across the first four blocks along with a nonsignificant block by group interaction was used to infer normal learning by the amnesic subjects. Normal learning was also inferred from a significant difference between the final random and sequence blocks that did not interact with the group and was significant for each group separately. These results are consistent with the present analysis of average reaction times (Figure 1) . However, the present finding that amnesic patients showed impaired higher-order learning (Figure 2 ) may explain why Reber and Squire's patients showed a learning difference that was numerically less than control subjects' difference (though their learning by group interaction was not statistically significant).
Another important difference between these experiments concerns the use of intermixed random and sequence cycles in the present experiment rather than uninterrupted sequence training (Reber & Squire, 1994) .
It is possible that the intermixed random trials had a more disruptive effect on learning by patients with amnesia than on control subjects. It has been suggested that amnesic patients show a greater susceptibility to such forms of interference ( e g , Shapiro & Olton, 1994) , so this issue warrants further investigation. Not only do the present conclusions depart from previous SRT research with amnesic patients, they also may seem inconsistent with other evidence suggesting that the basal ganglia and motor cortical areas (primary motor cortex, supplementary motor areas, premotor areas) play a prominent role in SRT learning (for review, see Curran, 1995) . For example, the basal ganglia has been implicated by findings of SRT learning deficits in patients with Huntington's disease (Willingham & Koroshetz, 1993 ) and Parkinson's disease (Jackson, Jackson, Harrison, Henderson, & Kennard, 1995) , and nuclei of the basal ganglia have shown learning-related activity in PET studies of SRT learning (Grafton, Hazeltine, & Ivry, 1995; Rauch et al., 1995) . However, the exact contribution of the basal ganglia to sequence learning remains elusive (Curran, 1995; Helmuth & Ivry, in press) , and there is no reason to suspect that the basal ganglia is the only brain area that contributes to SRT learning.
Neuroimaging studies implicating motor cortical areas (Grafton et al., 1995; Pascual-Leon, Grafman, & Hallet, 1994 ; Rauch et al., 1995) (Curran, 1995) . The present study has specifically isolated the learning deficit of amnesic patients to higher-order associative learning. The present results are surprising from the common perspective that amnesic patients show normal learning on tasks that might be characterized as "skill learning," "procedural learning," or "implicit learning." SRT learning is often considered to be an example of procedural or skill learning (e.g., Gabrieli, 1994; Squire, 19921, but such a classification may be imprecise. If skill learning represents learning "how" (eg. Cohen & Squire, 1980) or learning general cognitive procedures, rather than learning specific information, "skill learning" is likely to be a misleading descriptor for the kind of information that is acquired in the SRT tasK(others have expressed similar concerns about the classification of SRT learning, Moscovitch et al., 1993) . General procedures or skills may be learned in the SRT task-as indicated by reaction time decrease across random trials (Figure 1) . However, when SRT learning is measured as the RT difference between performance on random versus sequence conditions, learning is specific to the practiced sequence and does not reflect nonspecific learning of a skill.
In agreement with the present finding of impaired implicit learning of higher-order associations, other research indicates implicit memory is not entirely preserved in amnesia when the task requires associative learning (Curran & Schacter, in press ). Characterization of the functional deficits that underlie amnesia is likely to be more successful when focused on underlying processes (i.e., associative learning) rather than on superficial task characteristics (see Mayes & Downes, in press , and accompanying commentaries). Finally, it is notable that the present findings are generally consistent with theories of hippocampal and/or medial temporal lobe function that emphasize the role of these brain areas in learning higher-order associations between multiple stimuli (e.g., Cohen & Wicklegren, 1979) .
METHOD
Subjects
Subjects were 10 amnesic patients and 20 matched controls. An eleventh amnesic patient and his two control subjects were tested but discarded because the patient's etiology was atypical compared to the others (aneurysm of the anterior communicating artery'). The amnesic patients were obtained through the Memory Disorders Research Center of the Boston VA Medical Center. Amnesia was attributable to alcoholic Korsakoff s syndrome in four patients, and the remaining six patients had different etiologies [encephalitis (2), anoxia (3), and thalamic infarct (l)]. Each patient's age, verbal IQ, and Wechsler Memory Scale (WMS-R) scores are listed in Table 2 . Each amnesic subject was paired with two age-and educationmatched control subjects. Control subjects for the Korsakoff s patients were nondrinking alcoholics.
Stimuli and Apparatus
Stimulus presentation and response selection were controlled by a Macintosh computer. Stimuli were four rectangular boxes (35 x 21 mm, 8 mm between boxes) that were centered on the computer monitor. Response keys were the C, V, B, and N keys of the Macintosh keyboard, and subjects used the first two fingers of each hand to respond.
Design
Each amnesic subject participated in two experimental sessions that were separated by at least 3 months. The subject was given the first-order predictive (FOP, A-B-A-D-B-C-D-C-A-D-B-C) sequence in one session and the second-order predictive (SOP, A-B-A-D-B-C-D-A-C-B-D-C) sequence in the other. Order of these sequence types was counterbalanced across subjects so that half the subjects were given the FOP sequence first, and vice versa for the other subjects. Because subjects were debriefed about the repeating sequence before completing the recognition measures, control subjects would presumably remember the debriefing across sessions. Therefore, each control subject was only tested on a single sequence, and each amnesic patient had two matched controls, one for each session. Sequence elements (A, B, C, D) were assigned to different spatial locations (1,2,3, 4) across subjects. For three subjects: A = 1, B = 2, C = 3, D = 4; for three subjects: A = 2, B = 3, C = 4, D = 1; for four subjects: A = 3, B = 4, C = 1, D = 2.
Procedure
Subjects were told that the experiment was simply concerned with speed, accuracy, and stamina. The presence of a repeating sequence was not mentioned until after the serial reaction time (SRT) task was completed. Subjects were told that a different box would be filled on each trial, and they should press the corresponding key as quickly and accurately as possible. Stimuli remained on the screen until a response was given, and the next stimulus appeared 200 msec after each response.
The first block of each session was 120 random practice trials. In random conditions, the stimulus location was randomly selected on each trial with the constraint that no location was immediately repeated. Next, subjects were given nine more blocks of trials with intermixed cycles of random (R = 12 random trials) and sequence (S = one sequence cycle) conditions arranged as: R-S-S-R-S-S-R-S-S-R. Each sequence cycle began in a random position within the sequence.
After the SRT task, subjects were asked if the stimulus movement was best described as (1) random, (2) some positions occurred more often than others, 3) the movement was often predictable, (4) the same sequence of movements would often appear, or (5) the same sequence of movements occurred throughout the entire experiment. More objective measures of explicit knowledge were obtained in two sequence recognition tasks.
First, in the whole sequence test , subjects were asked to discriminate between the practiced sequence and seven distractor sequences. Sequences were presented as numbers (e.g., 1-2-1-4-2-3-4-1 -3-2-4-3). Eight different sequences were constructed by taking the two sequences (FOP and SOP) and making four forms of each by assigning each location number (1-4) to each sequence position letter (A-D). Thus, all subjects saw the same test choices, but target sequence differed between subjeck. Subjects rated each sequence on a 100-point scale according to their certainty that the sequence was repeatedly presented in the experiment (0 = certain it was not repeated; 100 = certain it was repeated).
Second, in the fragment recognition test (Perruchet & Amorim, 1992) subjects chose between 12 different fourelement subsequences (or fragments). Half of these fragments were taken from the studied sequence, and half were taken from the other sequence type. Thus, if the subject was given the FOP sequence in the SRT task, she or he was required to discriminate between four-element fragments of the practiced FOP sequence and the nonpracticed SOP sequence. As in the whole sequence recognition test, subjects rated each sequence on a 100-point scale. Recognition scores were obtained for each test by taking the average rating to targets and subtracting the average rating to distractors.
